Adolescence is a critical life-stage period characterised by rapid growth and development. Low circulating 
tal and behavioural factors (4) such as diet, physical activity (PA), physical fitness, geographical location, seasonality and socioeconomic status (5) . However, others like age, genetics, body composition (5) , and interactions with other liposoluble vitamins could also play an important role (4) .
Vitamin D is mainly synthesized in the skin by casual exposure to ultraviolet B (UVB) sunlight. Country-specific geographical locations, and variation in skin production of vitamin D and latitude differences across Europe, could play the most important role in explaining variance in vitamin D status between northern and southern Europe. There are, however, suggestions indicating that vitamin D production might not compensate for low nutritional intakes (6) .
Sun exposure, seasonality and time spent in outdoor activities (including PA or the influence of physical fitness) are also considered to be determinants of vitamin D status in studies during adolescence. Clear associations between sun exposure and seasonality and vitamin D status exist (7) , but are inconsistent with PA and fitness levels (8) . Obesity, expressed as excess body fat, has an adverse effect on vitamin D status (9) , but this relationship in growing children and adolescents is still unclear. In addition, other determinants explaining variation of vitamin D status in European adolescents should be addressed.
The aim of the paper was to determine potential environmental, individual and genetic factors associated with 25(OH)D concentrations in European adolescents aged 12.5 to 17.5 y in order to contribute to optimizing vitamin D status across Europe.
SubjEcTS AND METHoDS
Subjects, recruitment and study design. The HELENA-CSS (Healthy Lifestyle in Europe by Nutrition in Adolescence) study is a multi-centre cross-sectional study of lifestyle and nutrition among adolescents, from 10 European cities living in nine different countries: Athens and Heraklion (Greece), Dortmund (Germany), Ghent (Belgium), Lille (France), Pecs (Hungary) , Rome (Italy), Stockholm (Sweden), Vienna (Austria), and Zaragoza (Spain). Inclusion criteria were being 12.5-17.5 y old, not participating simultaneously in another clinical trial and being free of any acute infection occurring less than 1 wk before inclusion (10) . Subjects were recruited by a multi-stage random cluster sampling procedure, using schools as primary sampling units, and classes as secondary sampling units. The size of the sample was calculated according to stratified random sampling with proportional affixation to the size of the strata (sex and age) and minimum variance (Neyman). A confidence level of 95% and a minimum of 60.3 error for body mass index (BMI) was chosen. On the city level, diversity of the sample with respect to cultural and socioeconomic aspects was achieved by performing a random proportional distribution of all schools taking into account the site (district/zone of the city) and the type of school (public or private) (11) . The complete description of the design and implementation of the study has been described elsewhere (11) .
Blood sampling was randomly performed in a third of the recruited adolescents due to the low variability of biochemical markers. From a subsample of 1,089 adolescents selected, a subset of 1,006 adolescents (46% males) with a mean age of 14 (12) . Informed written consent was obtained from subjects and parents or guardians.
Body composition measurements. The complete description of anthropometric measures is published elsewhere (13) . Trained personnel conducted the measures in a standardized way. Weight was measured in underwear and without shoes using an electronic scale (Type SECA 861, UK) to the nearest 0.1 kg and height was measured barefoot in the Frankfort plane with a telescopic height measuring instrument (Type SECA 225, UK) to the nearest 0.1 cm. BMI was calculated as weight divided by height squared (kg/m 2 ). Gender-and age-specific z-scores were also calculated (14) . International age-and gender-specific cut-off points (14) were used to establish BMI-categories (underweight/normal weight/overweight/obese).
A set of skinfold thicknesses (biceps, triceps, subscapular, suprailiac, thigh) and circumferences (relaxed arm, flexed upper arm, waist, hip, upper thigh) were measured three consecutive times on the left side of the body with a skinfold calliper (Holtain, Crymych, UK) (the nearest 0.2 mm), and with a non-elastic tape (Seca 200) to the nearest 0.1 cm respectively. Fat mass (FM) in kg and fat free mass (FFM) in kg were analysed by means of a tetrapolar technique (BIA 101 AKERN SRL, Pontassieve (FI), Italy). An index for these parameters was created as fat mass index and fat free mass index (FMI and FFMI, respectively) dividing the mass of each one by the square of the height (kg/m 2 ). Physical examination was performed by a physician aiming to classify the adolescents into 1 of the 5 stages of pubertal maturity defined by Tanner and Whitehouse (15) .
Physical activity. Physical activity was measured using accelerometers during a 7-d period (Actigraph GT1M, Manufacturing Technology Inc., Pensacola, FL). The time engaged per day at moderate PA was calculated based upon a blanket cut-off of 2,000 counts per minute (cpm), which is approximately equivalent to an intensity of a brisk walk (4.5 km/h). The time engaged per day in vigorous PA was calculated based upon a blanket cutoff of 4,000 cpm (16) . The cutoffs to define intensity categories were: moderate PA (2,000-3,999 cpm) and vigorous PA (.4,000 cpm) (16) . Sleep duration was assessed by means of a self-administered questionnaire.
Physical fitness. The health-related physical fitness components assessed using the physical fitness tests from the Eurofit battery (17) included; cardiorespiratory physical fitness by 20-m shuttle run test (20 m sr) described by Léger et al. (18) , upper-body muscular strength by handgrip test (maximum handgrip strength assessment by dynamometer), lower body muscular strength by standing broad jump (lower limb explosive strength assessment), speed-agility by the 4310-m shuttle run test (4310 sr) and flexibility by the sit and reach test in cm. The scientific rationale for the selection of all of these tests as well as their reliability in young people was previously published. All the tests were performed twice; the best score was retained, except the 20-m sr which was performed only once.
Dietary assessment. A repeated 24-h recall was selected to be the most suitable method to get population means and distributions by the European Consumption Survey Method (EFCOSUM) project (19) . Mean daily calcium and vitamin D intakes were estimated from two non-consecutive 24-h recalls using the HELENA-DIAT (Dietary Assessment Tool) software (20) . A validation study by Vereecken et al. (20) (21) . With this method dietary data was corrected for between-and within-person variability. Only underreporters were excluded from all analyses. Underreporting was considered with the estimated basal metabolic rate ,0.96 (22) . Dietary intake data for Heraklion and Pecs were not available due to logistical reasons.
Supplementation. Information on vitamin supplementation was obtained via the clinical anamnesis of the adolescents [case report form (CRF)]. Adolescents were asked about taking any micronutrient supplement and were classified into two groups: supplement and non-supplement users.
Socioeconomic status (SES). The complete description of the self-reported socioeconomic questionnaire has been published elsewhere (23) . Information on SES was determined by means of a self-administered questionnaire. The Family Affluence Scale (FAS) was calculated, based on a model developed by Currie et al. (24) but slightly adapted by replacing the item on holidays by Internet at home.
Specimen collection and biochemical analyses. Fasting blood samples were collected by venipuncture at school between eight and ten o'clock in the morning. For the measurement of vitamin D, blood was collected in EDTA tubes, immediately placed on ice, and centrifuged within 30 min (3,500 rpm for 15 min). The supernatant fluid was transported at a stable temperature of 4-7˚C to the central laboratory in Bonn, and stored there at 280˚C until assayed at Bonn University (25) .
Vitamin Retinol, a-tocopherol and b-carotene status. Retinol, b-carotene, and a-tocopherol were analysed by reversed phase high-performance liquid chromatography using UV detection (RP-HPLC) (Sykam Gilching, Germany) in serum. The vacutainer was centrifuged for 15 min at 3,500 rpm, at 4˚C. Standards (b-carotene, retinol, a-tocopherol) hexane and isopropanol were obtained from Sigma Aldrich (Germany) and were all HPLCgrade. The variation of the method is below 3% for all the vitamins. The samples were stable over 24 h at room temperature (coefficient of variation a-tocopherol54.6%; retinol vitamin A53.2%).
VDR rs1544410 polymorphism. VDR genotype in its polymorphism (rs1544410) on chromosomes 7 and 12 blood for desoxyribonucleic acid (DNA) isolation was collected in EDTA tubes stored at IEL and sent to the Genomic Analysis Laboratory at the Institut Pasteur de Lille in France. DNA was extracted from white blood cells with the Puregene kit (QIAGEN, Courtaboeuf, France) and stored at 280˚C. Samples were genotyped by an Illumina system, using the VeraCode technology. The genotyping success rate for the rs1544410 was .99%.
Seasonality. The original variable "blood drawing date" was used to compute seasonality similarly to previous studies (27) : Winter (1; January through March), Spring (2; April through June), and Autumn (3; October through December). Blood drawing was performed during the academic year.
Latitude. The latitude of each city was obtained from http://maps.google.es/. Latitudes of the involved cities were: Stockholm (59˚33′ N), Athens (37˚98′ N), Heraklion (35˚33′ N), Rome (41˚89′ N), Zaragoza (41˚66′ N), Pecs (46˚07′ N), Ghent (51˚06′ N), Lille (50˚63′ N), Dortmund (51˚51′ N), and Vienna (48˚21′ N). To make use of this, data latitudes were added to the database as numeric variables with two decimals (i.e. Stockholm559.55).
Statistical analysis. All the variables showed a normal distribution and residuals showed a satisfactory pattern. Descriptive values are shown as means6stan-dard deviation unless otherwise stated. The independent samples ANOVA test was used to analyse differences in 25(OH)D between concentration groups. A partial Pearson's correlation coefficient stratified by sex was used to assess the association between 25(OH)D concentrations and independent predictors controlled for age and centre.
A stepwise multivariate linear regression model stratified by sex examined the independent associations between 25(OH)D concentrations and age (28), Tanner stage, season, latitude (˚), BMI z-score, fat mass (%),
(cpm), fitness and socioeconomic status ( Table 3) .
All of the analyses were performed using the Statistical Package for Social Sciences software (SPSS, version 15.0 for Windows; SPSS, Chicago, IL), and values of p,0.05 were considered statistically significant. Figures were created using Sigmaplot (version 10.0 for Windows; Systat Software, San José, CA). Normally distributed variables are shown as mean6SD. 
RESuLTS

DiScuSSioN
Despite the numerous scientific studies performed in the last years in relation to vitamin D status and its effect on various health indicator outcomes (29, 30) , limited comparable data on vitamin D status and its associated factors in European adolescents exist. To the best tion and height. Similarly, Bener et al. (32) concluded that diet, lack of exposure to sunlight, outdoor activities and PA were the main associated factors of vitamin D deficiency in a young Qatari population. Arguelles et al. (4) suggested that gender, summer season, and high PA significantly increased 25(OH)D levels in a Chinese population. Seasonal differences explained most of the variance of the 25(OH)D concentrations, confirming the results of other studies across Europe (6, 7, 33, 34) . Casual exposure to sunlight is thought to provide most of the vitamin D requirements of the human population (6). Our results have suggested that the highest values of 25(OH)D concentrations were obtained in autumn following exposure to the summer period. On the other hand, the winter season was negatively related with 25(OH)D concentrations. Highest 25(OH)D concentrations were obtained in the Southern cities of Europe and the lowest in the Northern cities, which confirms results of other studies (6, 33, 34) . Unexpectedly, we observed low mean concentrations in Heraklion, which could be attributed to seasonal influences in blood extraction; i.e. due to local logistics, blood sampling was performed only in February and March, and was not distributed throughout the academic year. This indicates that the date of blood extraction at each latitude influences 25(OH)D concentrations (3) . Nevertheless, the results are of interest, due to the low concentrations obtained in Heraklion, which could indicate a risk during the winter months even in the Mediterranean countries. These findings are not surprising and confirm others indicating higher concentrations during sunny months (35, 36) . However, seasonality should be considered together with latitude as UVB radiation of the appropriate wavelength, especially during winter time (37) , might be absent in the latitudes of the hemisphere not close to the Ecuador. Moreover, the comparison with other studies in Europe are difficult because of the lack of standardization (7) .
Current research has observed an inverse relation between vitamin D and BMI (38) . Our results have similarly indicated a negative influence of increasing BMI with decreasing 25(OH)D concentrations in both sexes. Enhanced sequestration of vitamin D in fat could possibly explain the observed relation (39) . In the study by Dong et al. vitamin D status was also influenced by adiposity (8) . On the other hand, others failed to identify an association in paediatric populations (40, 41) .
To the authors' knowledge, this is also the first study to examine the relation between a genetic polymorphism (rs1544410) and 25(OH)D concentrations in European adolescents. Our results did not show a significant contribution of polymorphism rs1544410 on vitamin D levels in European adolescents. Previous European studies in adults using different methods of genetic analyses have estimated around a 30-45% heritability in vitamin D status and demonstrated that nutrient levels are fractionally under some genetic control. On the other hand, a study of Chinese adolescents twins suggested a strong genetic influence on 25(OH)D level in males (4) .
Other possible determinants like diet, PA, physical fitness and SES should be taken into consideration when (34, 45) . This is in accordance with emerging evidence emphasizing the need of vitamin D supplementation in high-risk groups especially during winter months (46) . There is, however, an ongoing debate on the influence of vitamin D supplementation or fortified foods in children and adolescents (46) .
Abnormal calcium metabolism has been associated with weight gain (47) , and high micronutrient intake is believed to prevent obesity, linked at the same time with vitamin D deficiency (48) . The authors failed to identify any association with vitamin D intakes in agreement with Absoud et al. (31) . On the contrary Bener et al. indicated low vitamin D intakes as the main determinant of vitamin D deficiency in young Qatari children (32) .
In addition to the above limitations of season and latitude, dietary intake data for Heraklion and Pecs were not available which makes it more difficult to explain the observed low 25(OH)D levels found in these countries. Nevertheless, the HELENA study has several strengths. The sampling procedure and the strict standardization of the field work among the countries involved in the study avoided to a great extent the kind of confounding bias due to inconsistent protocols and different laboratory methods which makes comparing results from isolated studies difficult. The main contribution of our study is the use of a large pool of determinants, which for the first time provide a deeper understanding of vitamin D status in European adolescents. The majority of the studies only assess PA and BMI but not fitness nor FFM and FM in relation to vitamin D, which is an additional strength of our work.
In conclusion season, latitude, physical fitness, adiposity, sleep time and micronutrient supplementation strongly influence 25(OH)D concentrations in European adolescents. Controversial results found in our study like the influence of body composition and dietary intake, indicate the need for further research. In the absence of reference values and specific cut-off points for adolescents, determinant parameters which influence vitamin D concentrations should be also taken into account for further research.
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